The paper describes the structure, growth and vitality of natural oak regeneration in relation to stand density. To gain a better understanding of regeneration strategies, the investigation was carried out in oak forest fl ood plains in Poland, which were fl ooded in the summer of 1997. To study the stand structure and regeneration, 108 circular plots were established in stands managed using the shelterwood system. In addition, fi ve gaps were chosen in a stand managed using the group cutting system (Legnica forest district). The results of the study showed that oak regenerated spontaneously in all stands. The abundance and vitality of oak seedlings and saplings were very high. The number of oak seedlings and saplings signifi cantly depended on stand density. The greatest maximum height was found in gaps (146.0 cm) and in a stand with open canopy (88.9 cm) in Wo ł ów. In Wo ł ów and Mi ę kinia, the shortest oaks grew in the worst light conditions. To regenerate naturally, oak stands in preparatory cutting should be reduced in the number of trees per hectare to ~ 150 and decreased in basal area to ~ 26 m 2 ha Ϫ 1 . The group cutting system can be used in oak stands growing on fl ood plain sites, but there is the danger of ground vegetation development in openings.
Introduction
Oak stands are very important for Polish forest management. In the Polish context, Quercus belong to the most valuable broadleaved tree species, because of their unusual wood properties, biological features and their role in forest ecology and site creation ( Buga ł a, 2006 ). They cover ~ 630 000 ha, which is ~ 7 per cent of the forested area in Poland. Pedunculate oak ( Quercus robur L.) grows mainly on rich and moist sites. The most important forests types with this species are the fl ood plain oak stands. The regeneration mechanism of oak in the fl ood plain forests is of primary importance for future forest development, but is not well understood ( Deiller et al. , 2003 ) . Flood plain forests are fl ooddependent ecosystems. Plants in these forests rely on well-timed periodic fl oods for regeneration sites ( Hughes and Rood, 2003 ) . The purpose of this study was to assess the potential to regenerate oak stands by natural regeneration in fl ood plain forests.
The key management problem in oak stand preservation and restoration is the process of natural regeneration, which is determined by growth factors such as water, nutrients and light. Nevertheless, natural regeneration has become a common management method. This creates many problems, not only in Europe but also in Asia and Effect of stand density on oak regeneration in fl ood plain forests in Lower Silesia, Poland
North America ( Von Lüpke, 1987 ; Lang, 1988 ; Kelly, 2002 ; Modry et al. , 2004 ) .
Another problem is the health of oak stands. Based on long-term observations of oak decline, many scientists think that it will be diffi cult to maintain the present status of oak forests in the future ( Rogers and Johnson, 1998 ; Modrzy ń ski et al. , 2006 ) . The main reason for oak decline in Poland is drought and associated with it lowering levels of groundwater. As a consequence of their low vitality, oak stands are susceptible to pathogens ( Phytophtora , especially Phytophtora quericina ) and insects ( Agrilus ).
Most studies on natural oak regeneration have referred to silvicultural treatments, such as soil preparation, fertilization and density regulation ( Harmer, 1995 ; Larsen and Johnson, 1998 ; Modry et al. , 2004 ) . The infl uence of soil conditions and pathogens on oak regeneration has also been investigated ( Ziegenhagen and Kausch, 1995 ; Von Lüpke, 1998 ) . One of the most important aspects of the ecology of natural regeneration is the number, growth rate and distribution of seedlings. The beginning of the regeneration period is the most diffi cult for seedlings and young trees, because they are weak and exposed to negative biotic and abiotic factors ( Lorimer et al. , 1994 ) . During mast years, many seeds are produced, but not all of them will survive to form the next generation. Seedling mortality is very high, and their growth can be very slow ( Von Lüpke, 1987 ; Lang, 1988 ; Szwagrzyk et al. , 2001 ; Modry et al. , 2004 ) .
There is still controversy over how to tend oak stands before a mast year and specifi cally whether to use the shelterwood or group cutting system. The next important problem is how to regulate the stand density after the mast year. For example, how many trees should be cut to achieve the best stand density for oak establishment and further development? Oak can regenerate in gaps and in open areas. Knowing how much light is penetrating the stand canopy is necessary to better understand the processes of natural regeneration, establishment and growth of seedlings ( Yirdaw and Luukkaen, 2004 ) .
Disturbances are a natural and integral part of forest ecosystems, and climate change can alter their natural interactions ( Pickett and Thompson, 1978 ; Frelich, 2002 ) . The disturbance regime of a particular forest usually consists of a complex mixture of infrequent large-scale events (e.g. fi re and windstorms), and more frequent, small-scale events (e.g. the fall of a single tree). The role of disturbances in the regeneration dynamics of forests is not well understood ( Yamamoto, 2000 ) . One example of large-scale disturbances is fl ooding. Periodic fl oods occur naturally on many rivers, forming an area known as a fl ood plain. Flooding along rivers usually results from heavy rain, sometimes combined with melting snow, which causes the rivers to overfl ow their banks. River fl oods are a common phenomenon in Europe. Among the most severe European fl oods in the last 50 years is the fl ooding that occurred in July 1997 in Poland and the Czech Republic. To better understand regeneration strategies of oaks after fl ooding, this investigation was carried out in oak forest fl ood plains in Poland, which were fl ooded in the summer of 1997. Previous studies have concentrated on the infl uence of fl oods on seedlings grown in laboratory conditions ( Kozlowsky and Pallardy, 1997 ) . Other fl ood investigations have examined the spontaneous regeneration of oak in fl ood plain areas ( Zaczek 2002 ; Küssner, 2003 ; Kühne and Bartsch, 2005 ) . There is, however, a lack of hard data regarding the growth and establishment of oak regeneration when fl ooding occurs in the growing season.
Within the overall purpose of assessing the potential to regenerate fl ood plain oak forests by natural processes, the specifi c aims of this study were to (1) describe oak stand structure after the fl ood; (2) understand the process of natural oak regeneration in fl ood plain forests; (3) characterize the effect of stand density on natural oak regeneration; (4) assess the vitality of oak regeneration in fl ood plain areas and (5) assess the light conditions according to stand canopy.
Materials and methods

Study area
This study was carried out in the Odra river valley in Lower Silesia, which is located in the south-western part of Poland. Three forest districts were chosen: Wo ł ów (51° 20 ′ N and 16° 21 ′ E), Mi ę kinia (51° 11 ′ N and 16° 44 ′ E) and Legnica (21° 12 ′ N and 16° 10 ′ E) . Lower Silesia is a very good area for plant production because of its mild winters and warm summers, which result in a long growing season (over 220 days). Precipitation rates during year are very low (515 mm) and the mean annual temperature is relatively high (8°C). The highest elevation is 260 m above sea level. The main tree species in Lower Silesia are Scots pine ( Pinus sylvestris L.), pedunculate oak and Norway maple ( Acer platanoides L.). Several species of willow ( Salix ) grow on very wet sites. Forests of Lower Silesia cover an area of 522 700 ha. Oak, with other broadleaved tree species, occupy 66 429 ha (13.3 per cent of forest area). The most valuable stands grow in the river valleys, especially in the Odra river where pedunculate oak is the most important tree species.
In July 1997, a fl ood occurred in the Odra river valley region of Poland. Over 13 300 ha of forests were fl ooded. Although some forests were fl ooded with fl owing water, 4200 ha of forests in the Mi ę kinia and Wo ł ów forest districts were fl ooded with stagnant water for over 4 weeks. Although forest sites in the fl ooded area were not eroded, stagnant water increased anaerobic processes in soils, especially in Mi ę kinia ( Gorzelak and Sierota, 1999 ) .
All the stands were fl ooded in 1997. The main criterion for choosing the sample plots was the stand density. In each forest district, one to three oak stands of differing density were chosen (three stands in Mi ę kinia, three stands in Wo ł ów and one stand in Legnica): dense (crowns touching and sometimes overlapping), broken (narrow separation between crowns) and open (gaps exceed the width of one mature tree crown) canopy ( W ł oczewski, 1968 ) . The chosen stands all had the same site type (fl ood plain forest), soil type (alluvial) and broadly similar age (100 -145 years old). The study was carried out in managed stands that had been previously thinned (in 1990) . After the mast year in 1998, they were managed in different ways to prepare stands for natural regeneration (different management system and varied proportion of trees cut from the second stand layer). In some stands (Wo ł ów), almost all trees from the second layer were removed in 1998 (winter). In other stands, only some trees were cut from the second storey. Two methods of forest management were examined: the shelterwood system and the group cutting system. Most of the studied stands were managed using the shelterwood system while the group cutting system was used in a portion of the Legnica forest district ( Table 1 ) .
Data collection
Plots were set up and assessed in 2000 -2002, i.e. 3 -5 years after fl ooding. To study stand structure and regeneration in Mi ę kinia and Wo ł ów forest districts, 108 circular plots were established in different sized grids (50 × 50 or 30 × 50 m). This ensured the systematic sampling (plots were placed at all intersections of the grid) in stands managed by a shelterwood system ( Table 1 ) . Hence, the whole area of the compartment was covered by the network of temporary plots. Each circular sample plot consisted of two concentric circles (radii, 1.78 and 8.92 m; areas, 10 and 250 m 2 , respectively). Stand structure was measured in the larger plot. In the smaller circles, data on regeneration of oak and other tree species were collected. In the Legnica forest district, fi ve gaps (area of gaps ranged from 1200 to 1800 m 2 ) were chosen in a stand managed by the group cutting system. In each gap, fi ve sample plots (area of 10 m 2 ) were established in four directions (north, south, east and west) and in the centre of the gap. The distance from the centre plot to the four corner plots was 20 m. The total number of plots was 25. All trees surrounding the gap were measured.
In each sample plot, the following measurements were made: diameter at breast height of all trees, height of the tallest tree of each species, tree vitality, tree defoliation and damage scaled up to per hectare values for each temporary plot. Data collected on natural regeneration included height, vitality, age of seedlings and saplings (determined by counting bud scars) and damage. All seedlings and saplings were counted in the sample plot and their height and vitality were described. Ground cover of herbal vegetation and regeneration (per cent cover) were determined for each sample plot.
The vitality of oak seedlings and saplings was based on the assessment of damage by abiotic and biotic factors. The following vitality classes were chosen: 1 vital trees without damage; 2 weakened trees, partly damaged (browsing, defoliation, discolouration, fungi); 3 dying trees, severely damaged.
The following classes of natural regeneration were used: short seedlings (up to 0.1 m tall), tall seedlings (0.11 -0.5 m tall), short saplings (0.51 -1.3 m tall) and tall saplings (over 1.3 m tall and ≤ 5 cm in diameter).
The light level in gaps was characterized by the measurement of photosynthetically active radiation (PAR). Four stands differing in canopy density were chosen for the light study. The PAR was measured at the forest fl oor (stump level). Two-point radiation quantum sensors and 1-m line quantum sensors were used to measure the light climate. They were put on randomly selected stumps. The measurements of PAR under the stand canopy and in nearby open area were carried out for 3 days using a Li-COR system (Li-1000) connected via a quantum sensor and a DataLogger system following the methods of Parent and Messier (1996) .
Statistical analyses
The infl uence of stand density on the average number of oaks in particular regeneration classes was analysed using the Kruskal -Wallis test. Analysis of variance (ANOVA) was not used because the data could not be transformed to meet the test ' s requirements. Comparisons of the average density of oak regeneration in different height and vitality classes according to stand canopy were made using the Dunn's test ( Zar, 1999 ) . The frequency of seedlings and saplings in relation to stand density was analysed using the chi-square test. The effect of stand density on the cover of herbal vegetation and seedling or sapling was analysed by the Kruskal -Wallis test. The infl uence of the stand density on the mean sum of regeneration height or the mean maximum height of seedlings/saplings was tested using ANOVA. The signifi cance of differences between the mean values was investigated using Tukey ' s test. Height data were log transformed to create normal distributions before performing the ANOVA.
Results
Characteristics of oak stand structure
Although the main tree species (according to basal area) of the studied stands was oak, the species composition included other tree species ( Table 2 ) . Norway spruce ( Picea abies (L.) Karst.) was the only coniferous species and was found in Mi ę kinia forest district (broken canopy), where sycamore ( Acer pseudoplatanus L.) was also present. The most important tree species was hornbeam ( Carpinus betulus L.), which occurred in almost all stands (except Wo ł ów -open canopy), with the highest percentage in the open canopy of stands of Mi ę kinia (54 per cent of the total basal area). Although small-leaved lime ( Tilia cordata Mill.) grew in all stands, it was most prevalent in stands in Wo ł ów forest district (dense and broken canopy), comprising 17 and 22 per cent, respectively. Field maple ( Acer campestre L.) grew in all stands but its basal area was very low. The same was true of European white elm ( Ulmus laevis Pall.) which occurred in three stands. The total basal area of investigated stands ranged from 26.6 to 43.8 m 2 ha Ϫ 1 (Wo ł ów -open canopy and Mi ę kinia stand with dense canopy, respectively). The basal area of oak was almost the same in studied stands (24.0 -26.6 m 2 ha Ϫ 1 ) except in the very dense stand in Mi ę kinia (37.6 m 2 ha Ϫ 1 ).
The cover of ground vegetation in plots depended on stand density (the Kruskal -Wallis statistic H was 18.37, P < 0.05). Herbs covered from 14 to 41 per cent of studied plot areas ( Table 3 ) . The highest cover of ground vegetation was observed in gaps (Legnica). The lowest was found in Wo ł ów forest district (open canopy).
Stand density affected cover by natural tree regeneration ( H = 39.86 and P < 0.001) (see Table  3 ). The percentage of plots covered by seedlings and saplings increased with the decrease in stand density. The lowest regeneration cover was found in Wo ł ów forest district (dense canopy 27 per cent). However, the highest regeneration cover was observed in the same forest district but in the stand with an open canopy (86 per cent).
Light condition in oak stands
Stand density infl uenced the relative radiation ( H 6 -9 = 182.50, H 9 -11 = 172. * Stand species composition, tree number and basal area are based on the measurements carried out in the studied stands. † Elm, fi eld maple, sycamore and spruce. 
Characteristics of regeneration in other tree species
The total number of seedlings and saplings (see Table 5 
Effect of stand density on oak regeneration
Stand density infl uenced the number of oak seedlings and saplings (the Kruskal -Wallis statistic H was 24.51 for h ≤ 0.1 m; H = 18.97 for h of 0.11 -0.5 m and was signifi cant with P < 0.01; H = 69.66 for h of 0.51 -1.3 m; H = 43.58 for h > 1.3 m and it was signifi cant with P < 0.001). The average density of short seedlings ranged from 160 to 9045 individuals per hectare ( Table 6 ). Tall seedlings were most abundant in all stands except for those in the Legnica forest district. The average density of tall seedlings was 11 920 -175 636 ha Ϫ 1 . The greatest number of tall seedlings was observed in Mi ę kinia (dense canopy) and the lowest was found in gaps (Legnica). The number of short saplings was higher in Wo ł ów (under open canopy) and Legnica (in stands managed by the group cutting system) than in the other stands. In the dense stands in Mi ę kinia and Wo ł ów forest districts, the number of saplings was lower than 3000 ha Ϫ 1 . Tall saplings occurred only in gaps (Legnica forest districts). Values within the column with the same letter (comparisons are within a stand type) are not signifi cantly different at the 0.05 probability (Dunn ' s test).
Vitality and damage of oak with different stand density
The number of oak seedlings and saplings in different vitality classes varied with stand density ( Table 7 ) . With the increase in stand density, the vitality of oak seedlings decreased. Oaks of high vitality dominated in the short seedling phase. In all investigated stands, the share of severely damaged seedlings was very low (0 -22 per cent). Slightly damaged short seedlings were most abundant in stands of broken density (Wo ł ów 58.1 per cent and Mi ę kinia 50.7 per cent, respectively). The vitality of tall seedlings was very high in stands with open density (Wo ł ów 93.5 per cent and Mi ę kinia 74.8 per cent, respectively). The same tendency was observed in the small sapling phase. In stands with an open canopy, the percentage of oaks with the highest vitality was over 90 per cent. All tall saplings growing in gaps were very vital. Many abiotic and biotic factors affected the vitality of natural oak regeneration. During the study, damage caused by animals (browsing), insects (defoliation), fungi ( Microsphaera alphitoides ) and Classes of natural regeneration height: short seedlings (up to 0.1 m tall), tall seedlings (0.11 -0.5 m tall), short saplings (0.51 -1.3 m tall) and tall saplings (over 1.3 m tall and ≤ 5 cm in diameter). * Others: ash, European white elm, fi eld maple, rowan and sycamore.
Downloaded from https://academic.oup.com/forestry/article-abstract/81/4/511/527378 by guest on 13 March 2019 the sun (discoloration) was observed ( Table 8 ). The percentage of damaged vs undamaged trees ranged from 1 to 45 per cent. Most of the damage was found in the phases of short and tall seedlings. The highest number of damaged oaks was observed in stands with broken density (both in Mi ę kinia 45 per cent and Wo ł ów 35 per cent stands). Defoliation and damage by fungi dominated in the studied stands. In Mi ę kinia, leaves were injured by the sun (70 per cent). Some short saplings were damaged by fungi and animals (browsing) in stands of open density.
Oak regeneration and growth
One of the measures describing the growth dynamics of oak regeneration was the sum of the height of seedlings and saplings. Stand density infl uenced the sum of oak regeneration height ( F = 9.44 and P < 0.001). The greatest average sum of height was observed in gaps of stands managed by the group cutting system: 3120 m 100 m Ϫ 2 and the lowest in stands in Wo ł ów forest district, which were managed by the shelterwood system (207 and 287 m 100 m Ϫ 2 , respectively, in dense and broken canopy). The variable was also high in Values with the same letter within the column are not signifi cantly different at the 0.05 probability (Dunn ' s test). open stand canopy in Wo ł ów (1425 m 100 m Ϫ 2 ). The differences between other stands in Mi ę kinia and Wo ł ów were not signifi cant ( Figure 1 ). Another parameter of oak regeneration growth dynamics was average maximum height. Maximum height depended on stand density ( F = 31.58 and P < 0.001). The greatest maximum height was found in gaps (146.0 cm) and in a stand with open canopy (88.9 cm) in Wo ł ów ( Figure 2 ) . The average maximum height was least in Mi ę kinia and Wo ł ów stands with dense and broken canopies.
Age structure of oak regeneration
The age structure of natural oak regeneration is presented in Figure 3 . Four-year-old seedlings and saplings, which would have germinated 1 year after the fl ood dominated in all investigated stands. The share of 1-year-old seedlings ranged from 0 to 19 per cent. The highest percentage of 1-year-old seedlings was found in Wo ł ów (dense canopy). Two-year-old seedlings occurred only in Mi ę kinia (7 per cent) in stands with broken canopies. There were also seedlings in Legnica (gaps) and Wo ł ów (dense canopy).
Discussion
Stand density is one of the most important factors restricting natural regeneration ( Von Lüpke, 1987 ; Lang, 1988 ) . Stand density infl uenced the number of oak seedlings and saplings. The amount of oak regeneration ranged from 160 to 175 000 individuals per hectare in relation to stand density. The highest amount and frequency of oak regeneration was found in the tall seedlings phase ( h = 0.11 -0.5 m). The best conditions for oak regeneration were observed under an open stand canopy, where the number of trees equalled 152 individuals per hectare and the basal area was 26.6 m 2 ha Ϫ 1 (Wo ł ów). This stand was managed by the shelterwood system, where almost all trees from the second layer had been removed before the mast year. The most important tree that should be removed from the subcanopy before the mast year was hornbeam. In this stand with open canopy (Wo ł ów), all hornbeam trees were cut before the mast year; the share of lime and other trees was very small (9 per cent). Cover of the study plots by natural regeneration was the greatest in this stand. Seedlings and saplings cover the plots in 86 per cent, which means that the cover by ground vegetation was the smallest (14 per cent) in all investigated stands. Good conditions for oak natural regeneration were also observed in the stand managed by the group cutting (Legnica), where numerous oak seedlings and saplings grew in the openings (gaps), but the cover by vegetation was the highest in this stand. Larsen et al. (1997) showed that when basal area was over 20 m 2 ha Ϫ 1 , natural regeneration was not successful. Shaw (1968) suggested that if stand density equalled 390 individuals per hectare, it created bad conditions for oak regeneration. Although the greatest average sum of height and maximum height were found in the stand managed by the group cutting system, the better conditions for oak regeneration were observed in stands managed by the shelterwood system, especially in the stand where the number of trees had been reduced to ~ 150 ha Ϫ 1 and the basal area to 26 m 2 ha Ϫ 1 . Stand structure and stand density infl uenced not only the quantity of regeneration but also the quantity of light at the forest fl oor. Light quantity varied signifi cantly in studied stands. In dense stands, only 2 per cent of full light penetrated through the canopy. However, in stands with open and broken canopies (both forest districts), from 10 to 15 per cent of full light reached the forest fl oor. The problem of light in oak stands was studied by many scientists ( Cole and Newton, 1986 ; Modrzy ń ski et al. , 2006 ) . Lorimer et al. (1994) also found that light intensity under oak canopies was very low: 1 per cent in control stands and 7 -9 per cent in stands without undergrowth. The highest quantity of light (absolute and relative radiation) was observed at midday in the stand with reduced number of trees to ~ 150 ha Ϫ 1 and the basal area to 26 m 2 ha Ϫ 1 .
Competition with other tree species and plants of the forest fl oor is one of the main problems of stand regeneration ( Harmer, 1995 ; Löf et al. , 1998 ; Löf, 2000 ) . Growth of seedlings is slower than herbaceous plants, so they are susceptible to competition with ground vegetation. Herb cover in studied stands ranged from 14 to 41 per cent. The highest percentage of ground vegetation was found in stands managed by the group cutting system (Legnica). Although oak was the dominant tree species in the stands ' canopy, oaks in the seedling and sapling phases could be outcompeted by other species, which are more shade tolerant than oak (such as hornbeam and lime). Hornbeam can be the most competitive tree on rich sites. However, it occurred mainly in short seedling phase (Mi ę kinia and Wo ł ów forest district). Rowan grew especially in stands of Mi ę kinia in the tall seedling phase. The abundance of ash was very low in these forests, and it was not represented in stand canopies of studied stands. Although sycamore occurred in the canopy of only one stand (Mi ę kinia -open canopy), it regenerated in many stands and occurred mainly in the tall seedling phase. Field maple and lime were present in the canopies of all stands, and their seedlings and saplings were also found in the whole investigated area. Abundance of such trees may increase in Polish forests because of climate change ( Fali ń ski and Pawlaczyk, 1993 ). However, they were not competitive with oak. Elm was found in three stands, but its seedlings occurred even in stands where it was not represented in the canopy.
Using the group cutting system can be dangerous because of the rapidity of herbaceous plants development. Küssner (2003) suggested that creating gaps should be delayed until the end of the fi rst growing season to avoid competition of ground vegetation on fl ood plain sites. The group cutting system can be proposed at fl ood plain sites, but the control of ground vegetation appears to be necessary. Only one oak stand was managed by the group cutting system in the studied area, but in view of the large number of seedlings and saplings, and their height, this management system is worth considering during planning.
The vitality of oak regeneration was very high in fl ood plain stands. The process of defoliation of seedlings, saplings and trees was observed in stands studied in Lower Silesia ( Dobrowolska 2007 ) . The damage was greater under the stand canopy than in the openings. The results of the study agree with Kelly ' s (2002) investigation carried out in Ireland (the vitality of oak regeneration was lower under stand canopy than in the clearing). The symptoms of M. alphitoides were observed during oak regeneration in the studied stands. Although many seedlings and saplings were diseased, especially in broken canopy stands, the damage did not decrease the growth and development of oak regeneration. Browsing is one of the most important factors decreasing natural regeneration ( Barkham, 1978 ; Lorimer et al. , 1994 ) . However, the level of browsing was not high in studied stands in Lower Silesia.
There is no universal number defi ning the ideal density of seedlings to attain continuous domination of oak. Future regeneration also depends on tree height and distribution. The results revealed that the sum of height and the maximum height of oak regeneration was affected by the basal area ( r s = − 0.738 and r s = − 0.857 for P < 0.05, respectively). Control of stand density should be the current recommended silvicultural treatment in the process of natural forest regeneration. The best conditions for oak growth were found in stands managed by the group cutting (Legnica). These stands showed the highest sum of height and maximum height of regeneration.
In 1998, a mast year and an abundance of acorns were found in all investigated stands in Lower Silesia . The germination ability of oak acorns was very high 75 per cent ( Miku ł owski, 2001 ). Unfortunately, the abundance of acorns and seedlings does not necessarily mean that numerous saplings and young oak trees will grow in the stands ( Kelly, 2002 ) . Many oak seedlings become established and then die in the next few years ( Shaw, 1968 ) . The results of the study showed that oak regenerated in all fl ooded stands in Lower Silesia. The age structure of regeneration suggested that most seedlings were established 1 year after the fl ood. The vitality of oak crowns improved after the fl ood ( Dobrowolska, 2007 ) , and oak regenerated spontaneously in all forests in Lower Silesia. It can be argued that for the better management of stands, foresters should understand and take natural disturbances into account. Natural disturbances have come to be recognized as powerful ecological forces, which initiate a new forest cycle ( Whitmore, 1989 ) .
Conclusions
To regenerate naturally, oak stands in Lower Silesia should be thinned as follows: reduce in the number of trees per hectare to ~ 150 individuals per hectare and decrease the basal area to ~ 26 m 2 ha Ϫ 1 . Oak stands in fl ood plain areas should be managed by the shelterwood system. The best conditions for oak regeneration were found in Wo ł ów forest district, where the oak stand was thinned and the subcanopy of hornbeam trees was removed before the mast year. The group cutting system can be used in oak stands growing on fl ood plain sites, but there is the danger of ground vegetation development in the group in a stand. Foresters should take into account natural disturbances in forest management practice.
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